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Silver nanoparticles synthesized in tetraalkylphosphonium ionic liquids are found to be excellent catalysts for borohydride-induced reductive degeneration of Eosin-Y, a dye that has been classified as a Class 3 carcinogen by the International Agency for Research on Cancer. TEM images indicated that the size of the Ag nanoparticles was significantly influenced by heat-induced sintering. A strategy was devised to redisperse smaller Ag nanoparticles from their aggregated/sintered counterparts via a two-step protocol that involved oxidative etching of Ag nanoparticles, followed by a re-reduction step. This protocol led to a reduction in the sintered Ag nanoparticle size from 15.7 ± 6.1 nm to 3.7 ± 0.8 nm, which was consistent with the size of the as-synthesized nanoparticles. The as-synthesized and the redispersed Ag nanoparticles were found to catalyze the bleaching of Eosin-Y with comparable efficiencies; first order rate constants for Eosin Y reduction were ~8 times higher for smaller Ag nanoparticles compared to their sintered counterparts. An examination of the kinetics of Ag nanoparticle etching was performed via temperature-controlled UV-Visible spectroscopy. Changes in the oxidation state of Ag during this sequence of events were also followed by in situ X-ray Absorption Spectroscopy of Ag nanoparticles in the ionic liquid.
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1. Introduction
  Nanoparticles (NPs) dispersed in ionic liquids (ILs) or water are of interest as catalysts if they can be stabilized towards aggregation and particle sintering  ADDIN EN.CITE []. One of the several intriguing properties of ionic liquids is their well-documented capability to act both as solvents and as stabilizers when it comes to stable NP dispersions  ADDIN EN.CITE []. In imidazolium ILs, this is often due to functionalities deliberately appended to the substituents on the imidazolium cations, but there have been other examples where stabilization stems directly from the nature of the anions  ADDIN EN.CITE []. Tetraalkylphosphonium halides (PR4X; X=Cl, Br) represent a class of ionic liquids with intrinsic NP stabilizing abilities  ADDIN EN.CITE [, ]. While these ILs remain less studied for their applications in quasi-homogeneous nanocatalysis than their imidazolium counterparts, recent research indicates that NPs stabilized by these ILs are similar to traditional metal-surfactant combinations that have been used for nanoparticle stabilization for many years, such as CTAB-stabilized metal nanoparticles, which rely on strong halide absorption to the NP surface, along with steric stabilization by the charge balancing cation  ADDIN EN.CITE []. The exact nature of the forces that stabilize small NPs in tetraalkylphosphonium halide ILs have remained unidentified so far, although it has been suggested by us that a surfactant-like double layer, aided by the high viscosity coefficients of these systems, might contribute towards preventing NP coalescence in PR4Cl ILs  ADDIN EN.CITE [, , ]. Others have suggested that this interaction originates in the well-ordered three-dimensional network structure of ionic liquids, which leads to the formation of well-defined hydrophobic and hydrophilic zones, with pockets where the NPs might find accommodation []. Presumably, the catalytic behavior of the NPs formed within these ILs would be influenced by the nature of both the metal used and the ILs []. It is essential, therefore, to examine NP/PR4Cl IL systems in greater detail, which would give us valuable information not only about the individual systems under scrutiny, but also on the chemical and catalytic behaviors of this class of composite materials as a whole. 
	While Au, Pt, Pd, Ru and Rh NPs in tetraalkylphosphonium ILs have been studied by several groups in the recent past from the point of view of their catalytic behavior, Ag NPs in PR4Cl ILs are yet to be explored as catalytic systems  ADDIN EN.CITE [, , , ]. This is surprising, since Ag is one of the cheaper ‘noble metals’; also, it also has various applications in areas as diverse as photography, anti-bacterial coatings and surface-enhanced Raman spectroscopy  ADDIN EN.CITE []. The presence of a well-characterized, intense surface plasmon resonance (SPR) band for silver nanoparticles in the visible region also makes them attractive candidates for morphological studies, since it is known that the size, shape and intensity of these bands depend upon the size and shape of the NPs being studied  ADDIN EN.CITE []. It has been recently been shown by us that Ag NPs can be synthesized in trihexyl(tetradecyl)phosphonium halides via a conventional borohydride reduction protocol. It has also been demonstrated that these NPs etch upon exposure to oxygen at high temperatures, presumably aided by the presence of a large excess of halide ions in the system [].
	For testing the catalytic behaviour of these systems, we selected a well-studied reaction whose progress could be followed spectrophotometrically. The reaction chosen was the borohydride-induced degradation of Eosin-Y (EY), an organic dye used extensively in staining of histological tissue samples, in photoelectrochemical cells, and as a fluorescent pigment  ADDIN EN.CITE []. The addition of Ag NPs to this system leads to complete degradation of Eosin-Y. This is in accordance with previous reports, which indicate that coinage metal NPs serve as electron-transfer relays in borohydride-induced reductive degradation of dyes, with the nucleophilic borohydride ions transferring electron density onto the NP surface, which in turn injects those electrons into the dye molecule  ADDIN EN.CITE []. Most studies carried out in this context focus on the degradation of EY in water phase. Since ILs as solvents show behaviors drastically different from those of water as well as conventional organic solvents, it is worthwhile to examine such electron-transfer processes in these novel media [].




Unless otherwise mentioned, all chemicals were used as received. Silver nitrate (>99.7%) was purchased from Fisher Scientific. Eosin-Y and 2(M) LiBH4 (in THF) were purchased from Sigma Aldrich. THF was purchased from EMD and used as received. The tri(hexyl)tetradecylphosphonium halide (P[6,6,6,14]X; X= Cl or Br) ILs were provided by Cytec Industries Ltd., and were dried under vacuum at 70oC for 10-12 hours with stirring before use. 18 MΩcm Milli-Q water (Millipore, Bedford, MA) was used throughout.
2.2 Procedure for synthesis of Ag NPs in IL using lithium borohydride.
In a representative synthesis of 5.0 mM Ag NPs in P[6,6,6,14]Cl, 8.5 mg of AgNO3 (0.050 mmol) was added under nitrogen to a 10 mL sample of the IL at 80oC (all the ILs studied are liquids at this temperature) in a Schlenk flask, and vigorously stirred. The solution was cooled to 50oC, and a stoichiometric excess of LiBH4 reagent (1.5 mL, 2.0 M in THF) was injected drop-wise into it over a period of 2-3 minutes. A brisk effervescence followed, and the entire solution turned deep yellowish-brown, indicating nanoparticle formation. After the addition of LiBH4, volatile impurities were removed by vacuum-stripping the system at 80oC. The Ag NP-IL composites thus obtained was stored under nitrogen in capped vials wrapped with foil until use.
2.2 Procedure for EY degradation.
In a typical experiment, 0.2 mL of a 0.2 mM EY solution in THF was added to a 7 mL (5:2) mixture of IL:THF in a foil-wrapped vial under nitrogen. A stoichiometric excess of LiBH4 (0.1 mL, 2.0 M in THF) was then added to the system, and stirring was commenced. After the desired time-interval, 200μL of 5.0 mM Ag NPs in P[6,6,6,14]Cl was added to the system. UV-Vis spectra of the ‘blank’ sample (i.e., without added Ag NPs) was also recorded. A quartz cuvette was then filled with the aliquot, and recording of spectra was initiated. Between successive readings, the cuvette was taken out of the spectrophotometer, wrapped in tinfoil to minimize exposure to ambient light, and manually shaken to ensure homogeneity of analyte. It has been noted by others that effervescence owing to the presence of borohydride in the reaction mixture also promotes thorough mixing, even in absence of a magnetic stir-bar []. The recording of spectra was continued at suitable intervals of time, until the pink color of the solution faded to straw-yellow.
2.2 Procedure for Ag NP sintering
To bring about heat-induced growth in particle size, nitrogen was bubbled through Ag NPs in P[6,6,6,14]Cl at 1350C for an hour, followed by overnight heating under a nitrogen atmosphere at the same temperature. In addition, the Ag NP size was monitored after repeated catalytic cycles; five portions of 0.2 mL, 0.2 mM EY solutions in THF were added to a single 7 mL (5:2) mixture of IL:THF, containing 500μL of 5.0 mM Ag NP, in a foil-wrapped vial under nitrogen, with a gap of one hour between each successive addition. 0.1 mL portions of LiBH4 (2.0 M in THF) were also added to the system after each dye addition, and stirring was commenced. After five such cycles of EY degradation, a TEM sample was prepared from the reaction mixture, and Ag NP sizes were studied. We note that our reaction of choice is conducted at room temperature, rather than at elevated temperatures, where greater particle sintering might be expected after repeated reaction cycles as compared to a reaction that occurs under mild, ambient conditions.
2.3 Procedure for Ag NP oxidative etching and redispersion. 
The following procedure was adopted to redisperse the agglomerated Ag NPs back to ca. their initial sizes: oxygen was flushed through the Ag NP/ P[6,6,6,14]Cl system at 650C until the characteristic yellow color of the NPs disappeared, followed by re-reduction of the redispersed precursor by drop-wise addition of 1.5mL LiBH4 solution in THF, followed by quenching of excess reductant and low-pressure removal of volatiles from the medium. The progress of the oxidative etching of Ag NPs in various tetraalkylphosphonium halide ILs was monitored spectrophotometrically by UV-Vis spectroscopy. The kinetic studies were conducted in a Cary 6000i spectrophotometer. Ag NP/ P[6,6,6,14]Cl samples were taken in quartz cuvettes and small Teflon®-coated magnetic stir-bars were immersed in them; they were then placed in a constant-temperature bath with a magnetic stirring base inside the spectrophotometer. Oxygen from a compressed gas cylinder was passed directly into the contents of the cuvettes at regular intervals using a gas regulator connected to a system of hoses, syringes and needles. 
2.5 Characterization Techniques.
Unless otherwise stated, all reactions were performed using standard Schlenk techniques, with nitrogen to provide an inert atmosphere, in oven-dried Schlenk glassware. A Varian Cary 50 Bio UV-Visible spectrophotometer with a scan range of λ=200–800 nm and quartz cuvettes with optical path lengths of 0.4 cm or 1 cm were used for ambient temperature UV-Vis spectra and spectrophotometric studies of EY degradation. A Cary 6000i spectrophotometer, equipped with an auto-sampler, a constant temperature bath, and magnetic stirring capabilities was used for the etching studies. To avoid effects of oxygen depletion on etching of NPs, the contents of the cuvettes were flushed with oxygen between readings. TEM analyses of the NPs in ILs were conducted by using a Philips 410 microscope operating at 100 kV. The TEM samples were prepared by ultrasonication of ~5% solution of the NP/IL solution in CHCl3 followed by drop-wise addition onto a carbon-coated copper TEM grid (Electron Microscopy Sciences, Hatfield, PA). To determine particle diameters, a minimum of 100 particles from each sample from several TEM images were manually measured by using the ImageJ program. 
	Ag XANES spectroscopy was carried out on the SXRMB Beamline (06B1-1) at the Canadian Light Source (CLS). The beamline was equipped with InSb(111) and Si(111) crystals, and has an energy range of 1700 - 10000 eV with a resolution of 1 × 10-4 ∆E/E. XANES spectra were obtained in fluorescence mode. The setup for liquid XANES work was similar to previous investigations; solution samples were placed in SPEX CertiPrep Disposable XRF X-Cell sample cups fitted with polypropylene inserts and sealed with an X-ray transparent film (Ultralene film, 4 μm thick, purchased from Fisher Scientific, Ottawa, ON)  ADDIN EN.CITE [, ]. The sample solution cell was placed on the sample holder that faces the incident beam at 45° angle. The software package IFEFFIT was used for data processing.
  
3. Results and discussion
3.1 Characterization of Ag NPs. 
	It has been previously shown by us and others that tetraalkylphosphonium ILs are excellent solvents and stabilizers for NPs. NPs synthesized in these ILs via borohydride reduction tend to remain stable for months or even years depending upon storage conditions []. The Ag NPs synthesized in the PR4Cl IL were characterized via UV-Vis spectroscopy and TEM. Figure 1 shows the UV-Vis spectra of the AgNO3 precursor (which, upon dissolution in a chloride-rich solvent, presumably forms AgCl2-) [], the as-synthesized Ag NPs, the Ag NPs after being subjected to an etching regimen, as well as after regeneration in the PR4Cl IL [31].  The surface plasmon resonance band of Ag at ~400 nm could be observed in the NP samples (Fig. 1). 

 Figure 1. UV-Visible spectra of AgNO3 in PR4Cl IL, Ag NPs formed by reduction with lithium borohydride, post-etch Ag species in IL, and re-generated Ag NPs.










3.2 EY degradation by Ag NPs. 
	While the borohydride-induced discoloration of EY has been used for years as a probe for testing the surface activity of NPs, it is only recently that the mechanisms of this process are being studied in detail  ADDIN EN.CITE [, ]. It is to be noted that EY shows multiple reductive pathways in the presence and absence of light []. We have observed that EY undergoes a slow reduction via an uncatalyzed pathway upon exposure to excess LiBH4 in a THF/PR4Cl medium. This bleaches the dye solution from a bright pink to a pale yellow, possibly owing to a reduction of a double bond in the heterocyclic ring structure, thereby decreasing the length of the electron delocalization trajectory []. The reaction follows a pseudo-first-order kinetics, with the reaction rate being dependent on the concentration of the dye, while the borohydride concentration remains virtually unchanged. Weng et al. established that in aqueous solutions, EY hydrolyzes to produce EY2-, which then undergoes a slow two-electron reduction in the presence of borohydride to generate colorless EY4-[]. In the presence of metal NPs, however, a one-electron reduction pathway generates EY3-, which can then undergo a photochemical fragmentation to generate a ‘green dye’, or be subjected to another single-electron reduction pathway in the dark to generate colorless EY4-[]. It has already been established in several studies that reduction of EY in the presence of borohydride proceeds at a moderate rate in the absence of catalysts such as Au, Ag, or Cu NPs; the reaction rate, however, is accelerated when coinage metal nanostructures are added to the reaction medium []. The spectral signature for this mechanistic shift – the appearance of a characteristic peak of the single-electron reduction product (EY3-) at ~405 nm (in water) – is not easily visible in the presence of Ag NPs, which have a large surface plasmon resonance around the same region [].




Figure 3. Evolution of the UV-Visible spectrum of Eosin-Y in IL/THF in the presence of freshly synthesized catalytic Ag NPs and excess LiBH4.

  
  The kinetics of reductive degeneration of EY in the THF/PR4Cl IL mixture can be described by the Langmuir-Hinshelwood equation (1) :

                   Rate = =     ……………….. (1)

As the product of K and E is very small compared to unity, we replaced the (1+KE) term in the denominator by unity, and integrated with respect to time, which produced the pseudo-first-order kinetic equation (2):

                   ln =  =    ………………….(2)

where E0 is the initial EY concentration, E is the EY concentration at time t, k is the reaction rate constant, kapp is the pseudo-first-order rate constant, and K is the absorption coefficient of EY onto Ag NPs in the reaction medium []. Some representative plots for changes in the absorbance of EY in a PR4Cl/THF mixture as a function of time under the reaction conditions can be seen in Figure 4. It is evident from an examination of the plots that the kinetics of the reaction undergoes a drastic change upon addition of the Ag NPs, presumably owing to a shift to a different mechanistic regimen (Figure 4A). Assuming a first-order kinetic scenario in the presence of excess borohydride, a linear kinetic plot was obtained for the Ag NP catalyzed EY degradation (Figure 4B), which is in accordance with several studies conducted in the past in aqueous media  ADDIN EN.CITE [, , , , , , ].


Figure 4. (a) Decrease in EY absorption at 536 nm as a function of time both before and after introduction of Ag NPs in the system; (b) First-order regression analysis of EY degradation in the presence as well as the absence of Ag NPs in the reaction system; (c) First-order regression analysis of EY degradation in the presence of freshly synthesized Ag NPs, sintered Ag NPs, and no Ag NPs in the reaction system; (d) First-order regression analysis of EY degradation in the presence of redispersed Ag NPs, sintered Ag NPs, and no Ag NPs in the reaction system.

     It is well-known that larger NPs are less efficient than smaller ones at catalyzing reactions, presumably owing to a reduced surface area. Therefore, the sintered Ag NP samples are expected to show a reduced rate for EY degradation. However, the time-scale for this process turned out to be of the same order as that of the uncatalyzed reaction; therefore, it was impossible to separate the two reaction pathways on the basis of a simple kinetic study (Figure 4C). We measured the ratio between the pseudo-first-order rate constants for the sintered and the as-synthesized Ag NPs, which turned out to be approximately equal to the ratio between the pseudo-first-order rate constants for the sintered and the redispersed Ag NPs (Figure 4D) [kfresh/ksinter = kredispersed/ksinter ~ 8]. This confirms our original hypothesis: namely, the process of regeneration of small Ag NPs from larger NPs restores their original catalytic activities. The results are also in accordance with previous experimental findings by Pal and co-workers, who demonstrated that the rate of Eosin-Y degradation in the presence of metal NPs depends considerably on the size of the NPs, with enhanced catalytic activities exhibited by smaller NPs []. 
3.3 Dissolution of Ag NPs in tetraalkylphosphonium halide ILs and their regeneration. 






Figure 5. (a) Evolution of the UV-Visible spectrum of Ag NPs in P[6,6,6,14]Cl at 650C in the presence of oxygen: spectrophotometric monitoring of the progress of Ag NP etching.; (b) Plot of –[ln(At -A∞)/A0] as a function of time for the calculation of pseudo-first-order rate constants for the Ag NP etching process at 650C in the presence of oxygen.
      
	The Ag NP etching data were fit to a general first-order equation, At = A∞ + A0.exp(-k.t), following a kinetic treatment used for NP etching by Murray et al., where A∞ is the absorbance (i.e., loss of transmittance) due to light scattering which was invariant with time  ADDIN EN.CITE [, ]. The pseudo-first-order rate constants obtained from these experiments have been collected in Table 1. For all samples other than #2, repeated flushing of cuvette contents with oxygen was performed initially, but stopped after a certain interval and data points collected after that time were not taken into account for kinetic calculations, owing to a documented shift to mass-transfer-limited regimes. The values of the rate constants are of the same order of magnitude for both the chloride and the bromide ILs, indicating that the etching mechanism is likely identical in both cases. It has already been shown that the nature of the soluble Ag species that forms in halide-rich solutions varies as a function of total Ag and halide (X) concentration; these may be formulated as Ag+, AgX(solvated), AgX2–, AgX32–, and AgX43–, as predicted by thermodynamics []. Generally, in environments as halide-rich as the ILs studied, with the molar ratio (X/Ag) ~ 170 for a 10mM, 10mL AgNP/IL sample, a range of AgXy(y–1)– soluble species might be formed, making their exact characterization somewhat difficult.


Table 1. Pseudo-first-order rate constants calculated for the Ag NP etching process in oxygen in ionic liquids with dynamic UV-Vis spectroscopy at 650C. 

Serial No.	[Ag NP]	Ionic Liquid	Temperature (0C)	Rate constant (k, min-1)	R2
1	0.40 mM	P[6,6,6,14]Cl	65 ± 1	0.0093	0.9189
2a	0.70 mM	P[6,6,6,14]Cl	65 ± 1	0.0023	0.9017
3	0.50 mM	P[6,6,6,14]Br	65 ± 1	0.0081	0.9849
aThis experiment was conducted entirely in air, and all data points recorded were used for calculations.


3.3 Speciation of Ag in P[6,6,614]Cl using XANES. 
Further proof of Ag NP oxidation over time was followed by XANES spectroscopy at the Ag L3 edge; Ag NPs stabilized in the PR4Br IL were placed in XRF liquid cell holders as detailed in the experimental section. PR4Br ILs were used instead of PR4Cl ILs as the Cl K edge is slightly lower in energy than the Ag L3 edge and thus makes collection of good signal/noise data in fluorescence mode nearly impossible. Figure 6 shows XANES spectra of the Ag NPs in the PR4Br IL before and after etching for 6 hours in air. The major change in the spectra is an enhanced white line at the edge which is due to Ag(I) species forming; this peak is attributed to a 2p → 4d transition of Ag(I) (i.e. AgBr2–), the intensity of which is greatly enhanced by s–d hybridization which leaves vacancies in the 4d band []. No efforts were made to quantify the level of Ag(I) species in these solutions, nor have we been able to qualitatively identify AgBr2– vs. other possible Ag(I) bromide species in these solutions.

Figure 6. Ag L3 edge solution phase XANES spectrum of Ag NPs in PR4Br IL before and after etching in air for 6 hours.

CONCLUSION
The present results are from a detailed study of the catalytic behavior of Ag NPs towards EY degradation in PR4Cl ILs. Key findings regarding the nature of these systems can be summarized as follows:
(i) Ag NPs generated in PR4Cl ILs via a bottom-up strategy using lithium borohydride as a reductant were stable to aggregation over a period of months under nitrogen, owing to a combination of factors, such as the presence of strongly coordinating halide ions within the PR4Cl IL medium, steric protection offered by the bulky tetraalkylphosphonium cations, and the high viscosity of the ILs. 
(ii) Ag NPs catalyzed the degradation of EY in the presence of LiBH4 in a PR4Cl IL/THF medium, with almost a tenfold increase in rate compared to the uncatalyzed counterpart of the reaction.
(iii) Sintered Ag NPs generated by heating the smaller NPs under an inert atmosphere showed reduced catalytic activity. However, the facile dissolution of Ag NPs in in PR4Cl ILs in the presence of oxygen, and their regeneration via repeated reduction provided us with a pathway for redispersing large, catalytically inactive Ag NPs to smaller, more active ones. From preliminary survey of data, this etching process seems to follow pseudo-first order kinetics. The redispersed Ag NPs showed EY reduction rates comparable to that of the as-synthesized Ag NPs.
(v) XANES spectroscopy of the Ag NPs in PR4Cl ILs shows evidence of etching of the particles over time in air via the appearance of Ag(I) features at the edge.
	It is expected that as we explore the chemistry and catalytic behavior of metal nanoparticles (such as Ag NPs) in alternative solvents, we would gain valuable insights into these promising catalytic systems. 
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Ag NPs in tetraalkylphosphonium ionic liquids are prone to sintering at elevated temperatures, but it is possible to redisperse them as small catalytically active Ag NPs for Eosin Y degradation. 







